Chloroplast genomes encode ∼37 proteins that integrate into the thylakoid membrane. The mechanisms that target these proteins to the membrane are largely unexplored. We used ribosome profiling to provide a comprehensive, high-resolution map of ribosome positions on chloroplast mRNAs in separated membrane and soluble fractions in maize seedlings. The results show that translation invariably initiates off the thylakoid membrane and that ribosomes synthesizing a subset of membrane proteins subsequently become attached to the membrane in a nucleaseresistant fashion. The transition from soluble to membraneattached ribosomes occurs shortly after the first transmembrane segment in the nascent peptide has emerged from the ribosome. Membrane proteins whose translation terminates before emergence of a transmembrane segment are translated in the stroma and targeted to the membrane posttranslationally. These results indicate that the first transmembrane segment generally comprises the signal that links ribosomes to thylakoid membranes for cotranslational integration. The sole exception is cytochrome f, whose cleavable N-terminal cpSecA-dependent signal sequence engages the thylakoid membrane cotranslationally. The distinct behavior of ribosomes synthesizing the inner envelope protein CemA indicates that sorting signals for the thylakoid and envelope membranes are distinguished cotranslationally. In addition, the fractionation behavior of ribosomes in polycistronic transcription units encoding both membrane and soluble proteins adds to the evidence that the removal of upstream ORFs by RNA processing is not typically required for the translation of internal genes in polycistronic chloroplast mRNAs.
Chloroplast genomes encode ∼37 proteins that integrate into the thylakoid membrane. The mechanisms that target these proteins to the membrane are largely unexplored. We used ribosome profiling to provide a comprehensive, high-resolution map of ribosome positions on chloroplast mRNAs in separated membrane and soluble fractions in maize seedlings. The results show that translation invariably initiates off the thylakoid membrane and that ribosomes synthesizing a subset of membrane proteins subsequently become attached to the membrane in a nucleaseresistant fashion. The transition from soluble to membraneattached ribosomes occurs shortly after the first transmembrane segment in the nascent peptide has emerged from the ribosome. Membrane proteins whose translation terminates before emergence of a transmembrane segment are translated in the stroma and targeted to the membrane posttranslationally. These results indicate that the first transmembrane segment generally comprises the signal that links ribosomes to thylakoid membranes for cotranslational integration. The sole exception is cytochrome f, whose cleavable N-terminal cpSecA-dependent signal sequence engages the thylakoid membrane cotranslationally. The distinct behavior of ribosomes synthesizing the inner envelope protein CemA indicates that sorting signals for the thylakoid and envelope membranes are distinguished cotranslationally. In addition, the fractionation behavior of ribosomes in polycistronic transcription units encoding both membrane and soluble proteins adds to the evidence that the removal of upstream ORFs by RNA processing is not typically required for the translation of internal genes in polycistronic chloroplast mRNAs.
ribosome profiling | protein targeting | plastid | chloroplast | SecA T he chloroplast thylakoid membrane is a highly organized, protein-rich, and dynamic membrane system that is the site of the light reactions of photosynthesis (1) . The majority of proteins in the thylakoid membrane are subunits of photosynthetic enzyme complexes: photosystem II (PSII), the cytochrome b 6 f complex, photosystem I (PSI), the ATP synthase, and the NADH dehydrogenase-like complex (NDH) (2) . In land plants and green algae, roughly half of the subunits of these complexes are encoded by the plastid genome and half by the nuclear genome (3, 4) . This genetic arrangement necessitates a coordination of protein synthesis and assembly among cooperating proteins that originate in two compartments.
Intensive study of the mechanisms underlying the thylakoid localization of nucleus-encoded proteins revealed the participation of four machineries of cyanobacterial ancestry: the cpSec, cpTAT, cpSRP, and ALB3 systems (reviewed in ref. 5) . Whereas the cpTAT pathway operates independently to mediate the translocation of folded proteins across the membrane, the cpSRP, cpSec, and ALB3 machineries cooperate in the targeting and integration of certain substrates. The bacterial orthologs of cpSRP and ALB3, known as SRP and YidC, respectively, integrate proteins into the cytoplasmic membrane in a cotranslational manner (6, 7) . However, the targeting of nucleus-encoded proteins to the thylakoid membrane is posttranslational, as they are synthesized in the cytosol and then imported into the chloroplast stroma before their membrane localization.
In contrast to the sophisticated understanding of mechanisms that localize nucleus-encoded proteins to the thylakoid membrane, little information is available about the analogous issues for plastid-encoded proteins. Pioneering studies demonstrated that some chloroplast ribosomes are attached to the thylakoid membrane by the nascent peptide, implying a cotranslational integration mechanism (8, 9) . Several specific plastid-encoded proteins have been shown to integrate cotranslationally: the PSII subunits PsbA (also known as D1), PsbB, PsbC, and PsbD; the PSI subunits PsaA and PsaB; and the cytochrome b 6 f subunit PetA (also known as cytochrome f) (10) (11) (12) (13) (14) . The insertion of PetA into the membrane requires cpSecA (12, 15, 16) , whereas PsbA integrates independent of both the cpSecA and cpTAT systems (17) . In vitro cross-linking experiments showed further that nascent PsbA is in proximity to both cpSRP54 (18) and cpSecY (19) . However, it is not known whether the majority of chloroplast-encoded thylakoid proteins are co-or posttranslationally integrated, nor is it known which, if any, of the known thylakoid targeting machineries are involved in their targeting and integration.
In this work, we revisited these long-standing questions by taking advantage of technical advances that allow the precise mapping of ribosomes on mRNAs. A method termed ribosome profiling generates a genome-wide, quantitative map of ribosome positions in vivo by sequencing the ribonuclease-resistant "footprints" left by ribosomes (20) . We adapted this method for the rapid analysis of chloroplast translation by substituting highresolution tiling microarrays for the deep-sequencing step (21) .
Significance
Proteins in the chloroplast thylakoid membrane system are derived from both the nuclear and plastid genomes. Mechanisms that localize nucleus-encoded proteins to the thylakoid membrane have been studied intensively, but little is known about the analogous issues for plastid-encoded proteins. This genome-wide, high-resolution analysis of the partitioning of chloroplast ribosomes between membrane and soluble fractions revealed that approximately half of the chloroplastencoded thylakoid proteins integrate cotranslationally and half integrate posttranslationally. Features in the nascent peptide that underlie these distinct behaviors were revealed by analysis of the position on each mRNA at which elongating ribosomes first become attached to the membrane.
In this work, we modified the microarray approach by profiling chloroplast ribosomes in separated membrane and soluble fractions of leaf tissue. The results provide a genome-wide and highresolution view of the partitioning of chloroplast ribosomes between the soluble and membrane phase and provide insight into the signals that target proteins for cotranslational integration into the thylakoid membrane.
Results
Spatially Resolved Ribosome Profiling Distinguishes Plastid-Encoded Proteins That Are Co-and Posttranslationally Targeted to the Thylakoid Membrane. The method we used to map membrane-bound and soluble chloroplast ribosomes is shown in Fig. 1 . Leaf homogenates were initially treated with micrococcal nuclease to release ribosomes from membranes that were tethered only by mRNA; this treatment will release ribosomes that are bound to membranes due to their presence on an mRNA that is membranetethered via a different ribosome or via an RNA binding protein.
Subsequently, membrane and soluble fractions were separated by centrifugation. Ribosome footprints were purified from each fraction, labeled with fluorescent dyes, and hybridized to a highresolution tiling microarray covering all chloroplast ORFs, using the methods described previously (21) . Due to the 20-nucleotide overlap of the 50-mers on the array, this procedure maps ribosome footprints with a resolution of ∼30 nucleotides.
Normalized signals from thylakoid-attached and soluble ribosome footprints were plotted according to position on the chloroplast genome (Fig. 2B ) either as a ratio (upper plot) or separately (lower plot). All ORFs encoding proteins that were shown previously to integrate cotranslationally into the thylakoid membrane (PsbA, PsbB, PsbC, PsbD, PsaA PsaB, and PetA) (10) (11) (12) (13) 22) are represented by prominent membrane-associated peaks, validating the method. Additional peaks revealed the thylakoid-associated translation of 12 proteins that had not been assayed in prior studies: AtpF, AtpI, PetB, NdhA, NdhB, NdhC, NdhD, NdhE, NdhF, NdhG, Ycf4, and CcsA (Fig. 2B) . Each of these proteins has at least one transmembrane segment (TMS). By contrast, the ratios of membrane to soluble ribosome footprints for all chloroplast proteins lacking a TMS (e.g., ribosomal proteins, RbcL, AtpB) were very low; in fact, many such ORFs lacked any detectable signal in the membrane fraction (marked by red diamonds in the Upper panel of Fig. 2B ). When lysates were not treated with nuclease before membrane pelleting (Fig.  2C) , similar trends were observed; differences, however, highlight regions in which ribosomes were tethered to the membrane solely by RNA (see arrows in Fig. 2 B and C) .
These results show that ribosomes transiting many chloroplast ORFs encoding integral thylakoid proteins are bound to the thylakoid membrane in a nuclease-resistant manner, implying a cotranslational targeting mode. However, ribosomes synthesizing many other transmembrane (TM) proteins are not bound to the membrane under these conditions. Proteins in the latter group include the multispanning proteins PetD and AtpH and proteins with a single TMS, such as PetL and PsbH ( Fig. 2B and SI Appendix, Table S1 ). These proteins must integrate into the membrane posttranslationally. The basis for the distinct behaviors of these two sets of membrane proteins was clarified in the subsequent analyses.
Synthesis of Cotranslationally Targeted Proteins Initiates on Stromal
Ribosomes and Transitions to Thylakoid-Bound Ribosomes. The high resolution of the data revealed the spatial dynamics of protein synthesis as chloroplast ribosomes move along each mRNA. Experiments involving nuclease treatment before membrane pelleting were most informative in this regard. In these assays, ribosome footprints near the start of all chloroplast ORFs were found predominantly in the soluble fraction (Figs. 2B and 3 and SI Appendix, Fig. S1 ), indicating that initiating ribosomes are not bound to the membrane. However, elongating ribosomes relocate to the membrane at a particular point along each ORF that encodes a cotranslationally targeted protein (Figs. 2B and 3 and SI Appendix, Fig. S1 ). Consider, for example, the psaA and psaB ORFs, which are separated by only 25 nucleotides on the same polycistronic mRNA. Ribosomes at the end of the psaA ORF remain bound to the membrane after ribonuclease treatment, whereas ribosomes at the start of the psaB ORF do not (Fig. 3A) . Similar phenomena are apparent for the cotranscribed psbD and psbC genes (Fig. 3B) , psbB and petB genes (Fig. 3C) and atpI and atpF genes (Fig. 3D) . Other examples are presented in SI Appendix, Fig. S1 . This position-dependent relocation of ribosomes from the soluble to membrane fraction was confirmed by slot-blot hybridization analysis of ribosome footprints, using probes specific for the 5′ and 3′ regions of selected ORFs (SI Appendix, Fig. S2 ). These results suggest that ribosomes become attached to the membrane in a nuclease-resistant fashion after a particular feature in the nascent peptide has emerged from the ribosome's exit channel. According to this view, ribosomes that have not yet passed the point at which this signal is exposed are released to the soluble fraction when membranes are treated with ribonuclease (see cartoon in Fig. 3E ). As predicted by this model, omission of the ribonuclease treatment before pelleting the membranes reduced the recovery of 5′-proximal ribosome footprints in the soluble fraction and increased their recovery in the membrane fraction (Figs. 2 and 3 , compare + and -nuclease pretreatment). Hence, ribosomes at the start of each of the 19 membrane-translated ORFs are tethered to the thylakoid membrane by mRNA, whereas the elongating ribosomes downstream are attached via the nascent peptide. These results imply that a first round of translation anchors the mRNA to the thylakoid membrane via the nascent peptide and that subsequent rounds initiate in the vicinity of the membrane due to mRNA tethering. Anchoring. Next, we sought to understand (i) the features that determine which chloroplast-encoded TM proteins are cotranslationally targeted to the thylakoid membrane and (ii) the point at which elongating ribosomes acquire a nuclease-resistant attachment to the membrane. All 19 membrane-translated ORFs Table S1 . (A) The psaA transcription unit. The psaA and psaB ORFs are always represented on the same polycistronic mRNA, whereas rps14 is also found in a monocistronic RNA isoform (53) (54) (55) . (B) The psbD transcription unit. The psbD and psbC ORFs are found together on polycistronic mRNAs and also on separate processed transcripts (53) . (C) The psbB transcription unit. A primary transcript spanning psbB-psbTpsbH-petB-petD is processed to yield numerous processed RNAs with intercistronic termini (31) . The psbN gene is encoded by the opposite strand. (D) The atpI transcription unit. A primary transcript spanning atpI-atpH-atpF-atpA is processed to yield numerous processed RNAs with intercistronic termini (56) . (E) Model for the relocation of ribosomes from the soluble to membrane fraction. Ribosomes become attached to the membrane in a nuclease-resistant fashion after the nascent peptide stably engages the thylakoid membrane, either directly or via a thylakoid-bound protein. Ribosomes whose nascent peptide is not sufficiently long to expose the signal for membrane attachment are released to the soluble fraction by the nuclease pretreatment. Scissors represent nuclease cleavage sites. The association of the nascent peptide with a hypothetical channel in the membrane is shown for illustration only and is not intended to imply a particular mechanism.
contain at least one TMS (SI Appendix, Table S1 ), whereas those proteins lacking a TMS were invariably translated off the membrane (Fig. 2B) . Additionally, the transition from soluble to membrane-attached translation occurred downstream of sequences encoding the first TMS ( Fig. 3 and SI Appendix, Fig. S1 and Table S1 ), with the sole exception of PetA (discussed below). These results suggested that the emergence of a TMS in the nascent peptide triggers nuclease-resistant attachment to the membrane, as occurs for SRP-mediated targeting of signal-anchor proteins to the endoplasmic reticulum (ER) and to the bacterial cytoplasmic membrane (23, 24) .
To evaluate this possibility, we calculated the distance between the start of the first TMS and the point at which ribosomes synthesizing each protein relocate from the soluble to membrane fraction (Fig. 4A) . If emergence of the first TMS is a requirement for cotranslational membrane integration, a minimum distance of ∼60 amino acids is expected: This corresponds to the length of a TMS (∼20 amino acids) added to the length of the nascent chain that is obscured by the exit tunnel of the ribosome (∼40 amino acids) (25) . The actual distances observed here vary between ∼66 and 155 amino acids. Thus, the first TMS in each nascent peptide will have emerged fully from the ribosome before the relocation of elongating ribosomes to the membrane. That being said, there was considerable variation in the positioning of this relocation event: In some cases, it occurred soon after the predicted emergence of the first TMS (e.g., PsbD), whereas in others considerably more nascent peptide was synthesized before the relocation (e.g., PsaB). This difference did not correlate with protein topology (N terminus in the Stroma or Lumen marked in Fig. 4A ) or hydrophobicity of the first TMS (SI Appendix, Table S1 ). The variation in the positioning of membrane engagement following emergence of the first TMS might be influenced by the kinetics of ribosome movement or peptide-specific association with chaperones. A recent similar analysis of cotranslational targeting to the ER (26) revealed a bimodal distribution of the position at which ribosomes engage the membrane, centered at ∼60 and 120 amino acids after the start of the first TMS. This correlated with distinct requirements for components of the ER targeting machineries and was suggested to reflect either "head first" or looped insertion mechanisms. Our results hint at a similar bimodal distribution (Fig. 4A) .
The results above suggested that the exposure of the first TMS from the ribosome is required to attach ribosomes to thylakoid membranes in a nuclease-resistant fashion. This hypothesis predicts that any protein whose first TMS is so close to the stop codon that it would remain hidden in the ribosome until translation terminates would be translated off the membrane. The placement of the first TMS in those TM proteins that are posttranslationally targeted support this prediction. To illustrate this point, the distance between the first TMS and the stop codon was plotted for each plastid-encoded TM protein (Fig. 4B) N terminus in lumen) . The diagram illustrates the minimum distance between the start of a TMS and its full emergence from the ribosome. The data and criteria used to define the point of relocation to the membrane are provided in SI Appendix, Table S1 and Materials and Methods. Note that the resolution of our assay is ∼10 amino acids. (B) Distance between the start of the first TMS and the stop codon for plastid-encoded TM proteins. Red and green bars denote soluble and membrane-attached translation, respectively, as shown in this study (Fig. 2) . The two exceptional ORFs discussed in Results (petA and cemA) are marked with an asterisk and hashmark, respectively. The shaded region marks the range of distances following the first TMS in which nascent peptides engage the membrane (from panel A). (C) Model for targeting of plastid-encoded proteins to the thylakoid membrane. ORFs whose first TMS is fully exposed before translation termination (greater than ∼80 amino acids upstream of the stop codon) are cotranslationally targeted via engagement of the first TMS by a thylakoid-bound component of the targeting machinery. ORFs whose first TMS is not fully exposed before termination are translated on ribosomes that are not attached to the membrane and are posttranslationally targeted. The 80-amino-acid demarcation is an estimate that is based on the data summarized in Fig. 4B and SI Appendix, Table S1 . This is not intended to imply a strict rule, as proteins whose first TMS maps between 79 and 125 amino acids upstream of the stop codon exhibit variable behavior. Data representations and annotations are as described in Fig. 3 . Ribosomes transiting petA are recovered in the membrane fraction shortly after the cpSecA-dependent signal sequence emerges. Ribosomes transiting the cemA ORF are poorly recovered in the membrane fraction, even though two TMSs are predicted to be exposed before translation termination. CemA is the only chloroplast-encoded protein that localizes to the inner envelope in maize.
proteins for which this distance is less than the minimal 60 amino acids required to expose the first TMS before termination are translated off the membrane (with the exception of PetA, the special case discussed below). As noted above, there is a range of distances past the first TMS within which ribosomes engage the membrane (between ∼66 and 155 amino acids) (Fig. 4A ). Within this range of distances with respect to the stop codon, some proteins are cotranslationally bound to the membrane (NdhE and NdhC), whereas others are not (AtpH and PetD). This difference might reflect distinct kinetics of ribosome movement or "head first" versus looped insertion mechanisms, as discussed above. Two ORFs, petA and cemA, were exceptions to these trends. Each is a special and informative case. CemA is the sole plastidencoded protein in maize that localizes to the inner envelope membrane and is discussed below. PetA is the sole plastidencoded protein harboring a cleavable N-terminal cpSecAdependent signal sequence, which mediates its targeting to the thylakoid membrane (12, 15, 16) . The petA ORF engages the membrane after synthesis of ∼100 amino acids (Fig. 5) . This is well before the single TMS in PetA has been synthesized, but it is 65 amino acids after the signal peptide cleavage site (27) . Thus, the PetA signal peptide likely anchors the translating ribosome to the thylakoid membrane cotranslationally in vivo.
Taken together, the results described above provide strong evidence that exposure of either a full TMS or cpSecA-dependent signal sequence is necessary for the cotranslational targeting of chloroplast-encoded proteins to the thylakoid membrane. It seems likely that these features in the nascent peptide anchor the ribosome to the membrane by engaging a translocon. Those chloroplast-encoded proteins whose translation terminates before the emergence of a full TMS from the ribosome (roughly half of the plastid-encoded TMS proteins) are posttranslationally targeted to the membrane (Fig. 4C ).
Spatial Dynamics of Plastid Ribosomes Synthesizing Envelope Proteins.
CemA's first and second predicted TMS map far upstream of the stop codon (SI Appendix, Table S1 ) and are expected to be accessible for cotranslational membrane attachment. Nonetheless, ribosomes transiting the cemA ORF were recovered predominantly in the soluble fraction (Fig. 5) . This unusual behavior correlates with the fact that CemA localizes to the inner envelope membrane (28) and is the only plastid-encoded protein in maize to do so.
To determine whether plastid ORFs encoding other inner envelope proteins behave similarly, we took advantage of the fact that the tobacco chloroplast genome encodes a second integral inner envelope protein, Ycf1/TIC214 (29) . Ribosome footprints were prepared from membrane and soluble fractions of tobacco leaves as shown in Fig. 1 . The partitioning of ribosome footprints between the two fractions was assessed by slot-blot hybridization using probes for specific ORFs (Fig. 6) . Ribosomes transiting tobacco rbcL and psaA behaved as they did in maize (see SI Appendix, Fig. S2 for the maize data): Those in rbcL were largely in the soluble fraction, whereas those in psaA started in the soluble fraction but relocated to membranes within the ORF. Ribosomes synthesizing the integral inner envelope proteins CemA and Ycf1 did not fall into either of these categories: They were equally distributed between the soluble and membrane fractions, even at the 3′ ends of the ORFs where multiple TMSs are expected to have emerged. The analogous slot-blot assay for maize cemA gave similar results (SI Appendix, Fig. S2 ). During our fractionation protocol, a marker for the inner envelope was recovered primarily in the "soluble" fraction (SI Appendix, Fig.  S2 ), presumably due to the low density of envelope membranes. Thus, our data cannot distinguish between the possibilities that CemA and Ycf1 integrate co-or posttranslationally into the inner envelope. Nonetheless, these results indicate that the TMSs in CemA and Ycf1 either lack a signal needed to engage the thylakoid membrane or have a feature that prevents them from doing so.
Ribosome Dynamics in Polycistronic Transcription Units Provide Evidence That Intercistronic RNA Processing Is Not Generally Required for Translation. Chloroplast genes in land plants are typically organized in polycistronic transcription units that give rise to processed RNAs with termini between ORFs. It has been suggested that intercistronic RNA processing is a mechanism to improve translational efficiency, but there is conflicting evidence in this regard (reviewed in 30). The results presented here provide insight into this issue. Consider, for example, the petD gene in the psbB transcription unit (Fig. 3C) . The petD ORF is found on processed mRNAs with a proximal 5′ end as well as on transcripts that include the petB ORF upstream (31) . Ribosomes transiting petD were similarly abundant in membrane and soluble fractions when lysates were not pretreated with nuclease (Fig.  3C) . However, nuclease pretreatment removed the petD ribosome footprints from the membrane, but not those from petB. These results imply that ribosomes transiting petD are tethered to the membrane via the nascent peptide on the upstream petB ORF. In other words, translation initiates on petD in the context of polycistronic mRNAs even though monocistronic transcripts are available. These results are consistent with those in a prior study, in which mRNA isoforms engaged in synthesizing PetB and PetD were identified by immunoprecipitation with antibodies to the nascent peptides (31) .
Other particularly informative gene sets are psbK-psbI-psbD and rps2-atpI (Fig. 7) . In each case, the downstream ORF is represented on processed transcripts with a proximal 5′ end as well as on polycistronic RNAs that include the upstream ORF. Ribosomes transiting the rps2 and psbK/I ORFs are released from the membrane by nuclease pretreatment, but remain attached to the membrane in the absence of nuclease pretreatment. These results imply that ribosomes transiting each upstream ORF are tethered to the membrane by the nascent peptides arising from the downstream ORF. In other words, the downstream ORF is, in each case, translated in the context of polycistronic mRNAs despite the fact that each is also encoded by processed mRNAs with a proximal 5′ end. After extending this logic to all polycistronic transcription units, we saw no evidence that removal of upstream ORFs is a prerequisite for translation. However, this assay cannot eliminate the possibility that RNA processing can, in some instances, enhance translational efficiency.
Discussion
Results presented here provide a comprehensive description of which plastid-encoded proteins are cotranslationally targeted to the thylakoid membrane, and they elucidate the signals that trigger cotranslational targeting. Nineteen of the 37 plastidencoded integral thylakoid proteins in maize are cotranslationally targeted; ribosomes synthesizing these proteins initiate translation off the membrane and then become attached to the membrane in a nuclease-resistant manner shortly after a complete TMS or cpSecA-dependent signal sequence emerges from the exit channel. Those membrane proteins whose translation terminates before exposure of one of these signals are translated off the membrane and must be posttranslationally targeted.
Early studies in Chlamydomonas and pea concluded that chloroplast translation always initiates in the stroma and that some ribosomes subsequently become coupled to the thylakoid membrane via the nascent peptide (32, 33) . Later reports identified several chloroplast mRNAs that are translated in association with the thylakoid membrane, but the results were sometimes conflicting (22, 34, 35) . The most thorough study of this type (22) concluded that the psaA, psbB, psbC, psbD, and petA gene products integrate into the membrane cotranslationally, whereas the psbE, petD, and atpH gene products do not. The genome-wide analysis presented here corroborates and extends those findings by identifying all ORFs that attach to the membrane via the nascent peptide, by mapping the position at which this transition occurs, and by revealing principles that dictate which path is taken by each protein. Conflicting reports about membrane-localized translation of several ORFs in prior studies (34, 35) are likely due to their presence on polycistronic RNAs that encode both co-and posttranslationally targeted proteins. The ability of ribosome profiling to resolve different ORFs within polycistronic transcripts is a great advantage for studies of translation in chloroplasts and in bacteria.
Cotranslational Targeting to the Thylakoid Membrane. Results presented here provide strong evidence that the first TMS is both necessary and sufficient to trigger the cotranslational targeting of the vast majority of chloroplast proteins to the thylakoid membrane. This view is supported by two reciprocal correlations: (i) Ribosomes invariably become attached to the membrane in a nucleaseresistant fashion shortly after the first TMS is fully emerged from the exit channel, and (ii) proteins that terminate translation before that point are translated off the membrane (with the exception of PetA, discussed below). It seems likely that the first TMS is recognized by the same machineries that promote the posttranslational targeting of nucleus-encoded proteins (5). For example, cpSRP54 might bind the first TMS cotranslationally, as do its orthologs in bacteria and the ER. In vitro crosslinking data support that possibility for the PsbA protein (18) , but the mild phenotype of Arabidopsis mutants lacking cpSRP54 (36) indicates that this interaction is not essential for the targeting of most plastid-encoded proteins. The establishment of a stable interaction between the nascent peptide and the membrane might be mediated by membrane extrinsic proteins such as cpFtsY or cpSecA or could require the TMS to enter the cpSecY/E, ALB3, or TAT translocon. The close proximity of cpSecY to the PsbA nascent peptide in isolated chloroplasts (19) implicates cpSecY in the integration of PsbA, but these issues have not been addressed for other proteins. Extension of the approach described here to mutants lacking specific components of the thylakoid targeting machineries should clarify the early events in thylakoid targeting for the 19 cotranslationally targeted thyakoid proteins.
PetA (cytochrome f) presents a special case, as it is the only plastid-encoded protein to harbor a cleavable, cpSecAdependent signal sequence at its N terminus (12, 15, 16) . SecAmediated targeting to the bacterial cytoplasmic membrane is considered to be a posttranslational process (6, 37) , but our results show unambiguously that the PetA signal sequence engages the thylakoid membrane shortly after it emerges from the ribosome. Bacterial SecA is bound to the ribosome (38) and could potentially bind signal sequences cotranslationally. Assays similar to those used here could be used to address whether this in fact occurs.
Recent analyses of ribosome profiling data have revealed mRNA-programmed ribosome pauses that enhance SRP binding and faithful membrane integration (39, 40) . In yeast, these events are mediated by rare codons, whereas in Escherichia coli they are mediated by ORF-internal Shine-Dalgarno elements. Classic experiments showed that chloroplast ribosomes in barley pause at discrete sites in the psbA ORF, and it was suggested that these pauses facilitate membrane integration (41) . It is intriguing that the major pause detected in that study maps ∼50 nucleotides downstream of the point that we see the nascent peptide attach to the membrane. We did not, however, detect unambiguous ribosome pauses correlating with membrane attachment in our data. However, our microarray-based assay is not ideal for this purpose due to its inability to map ribosome positions to greater than 30-nucleotide resolution and to the fact that short ribosome footprints that reflect certain stages of the elongation cycle may not be detected (42) . Use of deep sequencing to analyze spatially resolved ribosome footprints should allow the interplay between ribosome kinetics and thylakoid targeting/integration to be thoroughly addressed.
Posttranslational Targeting of Plastid-Encoded Proteins to the Thyakoid Membrane. Our data revealed that half of the integral thylakoid membrane proteins encoded by the plastid genome are targeted to the membrane after their synthesis is complete. The posttranslationally integrating proteins include the multispanning proteins PetD, AtpH, PsbK, and PsbZ and 14 proteins consisting of little more than a single TMS. These may integrate into the thylakoid membrane without the aid of a proteinaceous machinery, as has been shown for several single-spanning nucleus-encoded proteins (reviewed in ref. 43 ). On the other hand, YidC is required to integrate the AtpH ortholog in bacteria, F o c (44) , and it has been suggested that many short membrane proteins with C-terminal signal anchor sequences are posttranslationally integrated by the YidC translocon (45) . The degree to which ALB3 (the chloroplast YidC ortholog) participates in the posttranslational integration of plastid-encoded proteins remains to be determined.
Targeting of Plastid-Encoded Proteins to the Inner Envelope. Most chloroplast genomes encode one or two proteins that integrate into the inner envelope (CemA and Ycf1). How these proteins find their way to the inner envelope is not known. Interestingly, ribosomes transiting the cemA ORF in maize behaved differently from those synthesizing thylakoid proteins: Despite the fact that two TMSs are predicted to emerge from the ribosome before termination, cemA ribosome footprints were recovered predominantly in the soluble fraction. Tobacco cemA and ycf1 behaved similarly, albeit with roughly equal representation of ribosome footprints in the membrane and soluble fraction.
These observations raise an interesting question: What prevents the TMSs in CemA and Ycf1 from engaging the thylakoid membrane cotranslationally? Some nucleus-encoded envelope proteins are imported into the stroma and subsequently "exported" to the inner envelope (46) . TIC40, a well-studied example, has a serine/ proline-rich domain that is crucial for inner envelope targeting (47) . When TIC40 was expressed from a chloroplast transgene, it was targeted to the inner envelope (48) , suggesting that similar mechanisms can target nucleus-and plastid-encoded proteins to the inner envelope. CemA, however, lacks a serine/proline-rich region. Interestingly, the CemA N terminus does resemble a bacterial signal sequence: a lysine-rich segment followed by a predicted TMS (MKKKKALPSFLYLVFIVLLPWGVSFSF. . .). An appealing possibility is that the novel Sec translocase discovered recently in the inner envelope (49) mediates CemA and Ycf1 targeting. Regardless of the machineries responsible, the distinct behavior of ribosomes synthesizing inner envelope and thylakoid proteins indicates that the sorting signals are distinguished cotranslationally. Lysine-rich stretches do not precede the first TMS in any of the 19 cotranslationally targeted thylakoid membrane proteins. A testable hypothesis is that the lysine-rich stretch at the CemA N terminus either interferes with the engagement of thylakoid translocons or is quickly bound by a protein that masks the TMS from the thylakoid targeting machineries.
In situ assays in Chlamydomonas chloroplasts revealed that psbA mRNA is bound to thylakoid membranes via the nascent peptide during PSII repair, but is bound independent of translation to distinct "biogenic membranes" shortly after a dark-tolight shift (14, 50) . Our assays were performed 1 h into the light cycle on seedling leaf tissue at a stage with a young but assembled photosynthetic apparatus. It is difficult to compare the results of these two studies due to the very different organisms and assays used. We saw no apparent nuclease-resistant membrane association of ribosome footprints at the start of any chloroplast ORF, but this does not eliminate the possibility that RNA binding proteins might tether some RNAs to membranes for localized translation. Future studies that combine more refined membrane fractionation approaches with ribosome profiling should be useful for dissecting the interplay between membrane biogenesis and localized translation in the chloroplasts of plants and algae.
Materials and Methods
Plant Material. Zea mays (inbred line B73) was grown in soil in cycles of 16 h light (∼300 μmol·m −2 ·s −1 ) at 28°C and 8 h dark at 26°C. The second and third leaf were harvested 1 h into the light cycle on the eighth day after sowing. Tobacco (Nicotiana tabacum cultivar Petit Havana) was grown in soil in cycles of 16 h light (∼350 μmol·m −2 ·s −1 ) at 23°C and 8 h dark at 22°C. Leaves were harvested 1 h into the light cycle on the 25th day after sowing. Tissue was snap-frozen in liquid nitrogen and stored at -80°C.
Preparation of Ribosome Footprints from Membrane and Soluble Fractions. All steps were performed at 4°C unless otherwise noted. Leaf tissue (∼1 g fresh weight) was ground in liquid nitrogen with a mortar and pestle and thawed in 5 mL ribosome extraction buffer (0.2 M Sucrose, 0.2 M KCl, 40 mM TrisAcetate pH 8.0, 10 mM MgCl 2 , 10 mM 2-mercaptoethanol, 100 μg/mL chloramphenicol, and 100 μg/mL cycloheximide). For + nuclease pretreatment experiments, 750 U micrococcal nuclease (Roche, 10107921001) was added and the homogenate was incubated on a rotator at 23°C for 15 min. The suspension was centrifuged for 20 min at 15,000 × g in a JA-20 rotor (Beckman). The supernatant (soluble fraction) was transferred to a new tube, and the pellet was washed by resuspension in 5 mL extraction buffer and recentrifugation. The supernatant was discarded, and the pellet (the membrane fraction) was solubilized in 5 mL extraction buffer with added detergents [2% (vol/vol) Polyoxyethylene tridecyl ether, 1% Triton X-100]. After pelleting insoluble material (20 min at 15,000 × g), the supernatant contained virtually all of the chlorophyll and was transferred to a new tube. Monosomes were generated from each fraction by the addition of 25 μL·1 M CaCl 2 and 750 U micrococcal nuclease and incubation on a rotator at 23°C for 1 h. Monosomes were purified by ultracentrifugation through a sucrose cushion, and RNA fragments of ∼22-38 nt ("ribosome footprints") were purified by polyacrylamide gel electrophoresis as described previously (21) .
Microarray Hybridization and Data Analysis. Ribosome footprints derived from membrane and soluble fractions (∼3 μg of each gel purified sample) were labeled with Cy5 and Cy3, respectively, using the ULS aRNA labeling kit (Kreatech Diagnostics). The labeled footprints were combined and hybridized to custom microarrays (Mycroarray) consisting of overlapping 50 mers representing all chloroplast ORFs (in triplicate), as previously described (21) . Ribosome footprint signal intensity is the intensity of fluorescence resulting from hybridization of Cy-labeled ribosome footprints to each spot on the array. The presented analyses combine data from two biological replicates. Probe spots with background subtracted signals <0 were assigned values of 0. Note that the colors used to plot the data (green for membrane and red for soluble) were chosen to make the figures more intuitive and do not reflect the actual fluorescence wavelengths of the dyes. The single channel data from each dataset were normalized based on the median values of the 233 probes in each dataset with the highest signal (median of the top 10% of probes in each of the two channels in each of the two biological replicates): The median value of each single channel dataset was set to this value by a multiplication factor. The ratio of membrane to soluble signal within each dataset was then adjusted to mimic that in vivo as follows: (i) For experiments that included a nuclease pretreatment, five published datasets from unfractionated wild-type seedling leaf tissue (21) were used to calculate the median ratio of ribosome footprint signals in the first 200 nt relative to the last 200 nt of the psbD, psbC, psaA, psaB, and psbB ORFs (excluding the psbC/D overlap). The observed ratio was 1.24. The analogous ratio was calculated for the normalized + nuclease pretreatment dataset, using the soluble signal for the 5′ region and the membrane signal for the 3′ region; this method is appropriate, as virtually all of the signals in the 5′ and 3′ regions of the selected ORFs came from the soluble and membrane fractions, respectively. This ratio was then adjusted to 1.24: the soluble values were multiplied and the membrane values were divided by the same factor, to bring their ratio to 1.24. (ii) For experiments that excluded the nuclease pretreatment, the overall ratio of membrane to soluble signal was adjusted based on ribosome footprint signal in the last 500 nt of the membrane-translated psbD, psbC, psaA, psaB, and psbB ORFs relative to that in the last 500 nt of the soluble atpB and rbcL ORFs. In the published data for unfractionated wild-type leaf (21) , this ratio was ∼0.58. This ratio in the -nuclease dataset was adjusted to 0.58 by multiplying all soluble values and dividing all membrane values as described above. This normalization mode is appropriate because of the virtual absence of soluble and membrane signals at the 3′ and 5′ ends of membrane-translated ORFs (psbD, psbC, psaA, psaB, and psbB) and soluble-translated ORFs (atpB and rbcL), respectively. We chose different normalization approaches for experiments that did or did not include nuclease pretreatment due to the different nature of the data; although these gave slightly different overall ratios of soluble to membrane signal, this does not impact any of the conclusions made in this study.
The position at which ribosomes relocate to the membrane fraction was estimated with two methods, both of which are tabulated in SI Appendix, Table S1 . In one method, the relocation point was defined as the midpoint of the position at which two consecutive array elements have values that are half the maximal membrane-associated value for that ORF. In the second method, the relocation was defined as the point at which the normalized membrane signal first exceeded the normalized soluble signal. The two methods generally gave similar results and corresponded well with a qualitative evaluation of the point at which the membrane signal had unambiguously increased from the background level. However, in several instances, there was considerable discrepancy, due either to noisiness in the soluble signals or to defective array elements (i.e., no signal at all) at critical positions. The method used for each ORF to obtain the data plotted in Fig. 4 is highlighted in bold in SI Appendix, Table S1 .
Slot-Blot Hybridizations. Slot-blot hybridizations were performed as described previously (21) using the PCR-generated probes described in SI Appendix, Table S2 .
